Tumor cell proliferation requires rapid synthesis of macromolecules including lipids, proteins, and nucleotides. Many tumor cells exhibit rapid glucose consumption, with most of the glucose-derived carbon being secreted as lactate despite abundant oxygen availability (the Warburg effect). Here, we used 13 C NMR spectroscopy to examine the metabolism of glioblastoma cells exhibiting aerobic glycolysis. In these cells, the tricarboxylic acid (TCA) cycle was active but was characterized by an efflux of substrates for use in biosynthetic pathways, particularly fatty acid synthesis. The success of this synthetic activity depends on activation of pathways to generate reductive power (NADPH) and to restore oxaloacetate for continued TCA cycle function (anaplerosis). Surprisingly, both these needs were met by a high rate of glutamine metabolism. First, conversion of glutamine to lactate (glutaminolysis) was rapid enough to produce sufficient NADPH to support fatty acid synthesis. Second, despite substantial mitochondrial pyruvate metabolism, pyruvate carboxylation was suppressed, and anaplerotic oxaloacetate was derived from glutamine. Glutamine catabolism was accompanied by secretion of alanine and ammonia, such that most of the amino groups from glutamine were lost from the cell rather than incorporated into other molecules. These data demonstrate that transformed cells exhibit a high rate of glutamine consumption that cannot be explained by the nitrogen demand imposed by nucleotide synthesis or maintenance of nonessential amino acid pools. Rather, glutamine metabolism provides a carbon source that facilitates the cell's ability to use glucose-derived carbon and TCA cycle intermediates as biosynthetic precursors.
Tumor cell proliferation requires rapid synthesis of macromolecules including lipids, proteins, and nucleotides. Many tumor cells exhibit rapid glucose consumption, with most of the glucose-derived carbon being secreted as lactate despite abundant oxygen availability (the Warburg effect). Here, we used 13 C NMR spectroscopy to examine the metabolism of glioblastoma cells exhibiting aerobic glycolysis. In these cells, the tricarboxylic acid (TCA) cycle was active but was characterized by an efflux of substrates for use in biosynthetic pathways, particularly fatty acid synthesis. The success of this synthetic activity depends on activation of pathways to generate reductive power (NADPH) and to restore oxaloacetate for continued TCA cycle function (anaplerosis). Surprisingly, both these needs were met by a high rate of glutamine metabolism. First, conversion of glutamine to lactate (glutaminolysis) was rapid enough to produce sufficient NADPH to support fatty acid synthesis. Second, despite substantial mitochondrial pyruvate metabolism, pyruvate carboxylation was suppressed, and anaplerotic oxaloacetate was derived from glutamine. Glutamine catabolism was accompanied by secretion of alanine and ammonia, such that most of the amino groups from glutamine were lost from the cell rather than incorporated into other molecules. These data demonstrate that transformed cells exhibit a high rate of glutamine consumption that cannot be explained by the nitrogen demand imposed by nucleotide synthesis or maintenance of nonessential amino acid pools. Rather, glutamine metabolism provides a carbon source that facilitates the cell's ability to use glucose-derived carbon and TCA cycle intermediates as biosynthetic precursors.
cancer ͉ glioblastoma ͉ Warburg effect ͉ glutaminolysis ͉ anaplerosis I n mammals, cell proliferation is controlled by signal transduction pathways stimulated by lineage-specific growth factors or, in tumors, constitutive activation of these pathways through oncogenic mutations. A proximal effect of signaling pathways is a robust increase in nutrient uptake (1) (2) (3) . Cells must also allocate these molecules into appropriate metabolic pathways to produce and maintain pools of intermediates needed to synthesize macromolecules. Therefore, a complete understanding of the biology of cell proliferation will require a comprehensive understanding of the regulation of metabolic fluxes.
Glucose and glutamine are two of the most abundant nutrients in plasma, and together they account for most carbon and nitrogen metabolism in mammalian cells. Rapid cell proliferation has been associated with a robust but apparently wasteful metabolism of glucose. In the 1920s, Otto Warburg demonstrated that ascites tumor cells had high rates of glucose consumption and lactate production despite availability of sufficient oxygen to oxidize glucose completely (4). The ''Warburg effect'' is taken to be a metabolic hallmark of aggressive tumors; however, the phenotype is also observed in nontransformed cells during rapid proliferation (2, 5) . Glutamine metabolism in cancer cells has also been reported to exceed the use of other nonessential amino acids (6, 7) . As a result, many investigators have stressed the importance of glutamine as a source of reduced nitrogen for maintenance of nucleotide biosynthesis and nonessential amino acids. 13 C NMR spectroscopy is an analytical tool that allows for noninvasive detection of selectively enriched metabolites in real time (8, 9) . Multiple pathways can be probed simultaneously by using 13 C-labeled nutrients, and the data can be used to measure metabolic fluxes. This approach has been used extensively for studies with intact organs (10) (11) (12) . Recently, new techniques have achieved kinetic data in cultured cells (13, 14) , making it possible to estimate fluxes during cell proliferation.
We anticipated that the use of 13 C NMR spectroscopy to observe glucose and glutamine metabolism would yield information about how these nutrients are used in support of cancer cell growth. As a model system, we studied the human glioblastoma cell line SF188. These cells lack functional p53 but express wild-type PTEN and do not exhibit constitutive Akt activation (15, 16) . When grown in serum-supplemented medium, the cells exhibit aerobic glycolysis. We perfused SF188 cultures with 13 C-labeled nutrients inside an NMR spectrometer and acquired spectra continuously. The data confirmed a pronounced Warburg effect. We also detected entry of pyruvate into the tricarboxylic acid (TCA) cycle via pyruvate dehydrogenase (PDH) but not pyruvate carboxylase (PC). Exit of intermediates from the TCA cycle supplied fatty acid synthesis, and some 60% of fatty acyl carbon was glucose-derived. As expected, glutamine metabolism served to maintain pools of nonessential amino acids. Glutamine was also used to replenish TCA cycle intermediates (anaplerosis). Surprisingly, glutamine catabolism provided the cells with a robust source of NADPH production, resulting in the majority of glutamine-derived carbon being secreted as lactate. This catabolism of glutamine to lactate was also accompanied by secretion of nitrogen as ammonia and alanine. The results suggest that transformed tumor cells engage in glutamine metabolism exceeding the need for glutamine as a biosynthetic precursor.
Results
Proliferating Glioblastoma Cells Exhibit the Warburg Effect. To examine glucose utilization in glioblastoma cells, we cultured SF188 cells in medium supplemented with [1,6-13 C 2 ]glucose. The pathways of intermediary metabolism through which label is transferred from glucose to other metabolites are shown in Fig.  1A . During spectroscopy, cells received a bolus of medium containing 10 mM [1,6-13 C 2 ]glucose, which recirculated for 2.5 h with constant oxygenation. Subsequently, a constant feed of fresh medium was used to maintain an extracellular glucose concentration of 4 mM. The complete series of 13 C spectra is shown in Fig. 1B . A spectrum collected near the end of the perfusion (Fig. 1C) highlights labeled metabolites. We determined concentrations for individual metabolites and calculated rates from linear regressions of time courses (Fig. 1D and Table  1 ). This revealed a glucose consumption rate of 220 Ϯ 7 mol per 10 9 cells per hour, similar to the value obtained with off-line enzymatic measurements (207 mol per 10 9 cells per hr). The most abundant 13 C-labeled metabolites produced were [3-13 C]lactate and [3- 13 C]alanine, both of which were predominantly extracellular. The cells produced 1.8 mol of 13 C-lactate plus alanine per mole of glucose consumed. Consistent with this observation, the culture used oxygen at a low rate (68 mol per 10 9 cells per hr) that would support complete oxidation of only 11 mol of glucose per 10 9 cells per hr, far below the measured glucose consumption rate. Therefore, glucose metabolism was largely anaerobic despite the availability of abundant oxygen, consistent with the classic pattern described by Warburg.
TCA Cycle Activity in Proliferating Glioblastoma Cells. Cells cultured with [1, [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]glucose produced [4- 13 C]glutamate (Fig. 1B) , which resulted from conversion of glucose-derived pyruvate to acetylCoA by PDH and entry into the TCA cycle. The steady-state ratio of [4-13 C]glutamate to [2- 13 C]glutamate is an indicator of the relative contributions of citrate synthase and anaplerotic reactions to TCA cycle flux (17, 18) . Throughout the experiment, the level of [4-13 C]glutamate was far greater than [2- 13 C]glutamate ( Fig. 2A ). Over the last 2 hours, the ratio of labeling was 13 Ϯ 2.6:1, consistent with a large anaplerotic flux.
The 13 C labeling of glutamate carbons is impacted by flux through the enzyme PC. To quantify PC flux, we cultured cells with [2-13 C]glucose, which labels predominantly C-2 of pyruvate. PDH would transfer label to C-1 of acetyl-CoA and eventually C-5 of glutamate, whereas PC would transfer label to C-2 of OAA and eventually C-3 of glutamate. Labeling of C-2 of OAA would also result in labeling of C-3 of OAA and ultimately C-2 of glutamate if there was equilibration of OAA with malate/fumarate, but neither PC nor PDH would lead to enrichment of C-4 of glutamate. Cells were cultured with [2-13 C]glucose and extracted with perchloric acid. In the resulting spectrum (Fig. 2B) , the ratio of [3- 13 C]glutamate to [4- 13 C]glutamate is 1:1, demonstrating little if any PC activity. Therefore, the major route of entry of carbon from pyruvate into the TCA cycle is through PDH.
Glucose Is the Major Lipogenic Substrate in Glioblastoma Cells.
Because the TCA cycle does not function as a carbon sink, anaplerosis is coupled to the exit of anions from the TCA cycle. Fatty acid synthesis relies on citrate efflux from the mitochondria ( Fig. 1 A) , and this pathway is required for maximal tumor cell growth (19) (20) (21) . When cells were cultured with [1, [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]glucose, we observed progressive labeling of fatty acids at multiple resonances (Fig. 3A) . To determine the absolute rate of lipid synthesis from glucose, cells were cultured in medium containing a [U- 14 C 6 ]glucose tracer, then lipids were extracted and analyzed by scintillation counting. The results indicated a rate of conversion of glucose to lipids of 2.4 Ϯ 0.5 mol of glucose per 10 9 cells per hr. Fractionation of 14 C-enriched lipids revealed that phospholipids were the most abundant species synthesized (Fig. 3B) .
The cells were also cultured with [U- 13 C 6 ]glucose and extracted lipids were analyzed by NMR spectroscopy. Because fatty acid synthesis occurs via sequential addition of acetyl-CoA to an elongating chain, the methyl and -1 carbons are derived from one two-carbon group and the -2 and -3 carbons are derived from another. The likelihood that both the -1 and -2 carbons are 13 C-labeled is thus determined by the fraction of the acetyl-CoA pool that is 13 C-labeled. The lipid spectrum (Fig. 3C ) contained multiplets consisting of a triplet and a doublet at -1 and -2. At -1 (23 ppm), the triplet corresponds to fatty acids labeled at both the methyl and -2 positions as well as at -1 (R- 13 . At both -1 and -2, the triplet accounted for 60% of the total area, suggesting that 60% of the lipogenic acetyl-CoA pool is derived from glucose. We confirmed this with an alternative strategy using [1, [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]glucose and [2- 13 C]glucose [supporting information (SI) Fig. 6 ].
Glutamine can also be used as a carbon source for fatty acid synthesis and can be consumed by proliferating cells more rapidly than needed to satisfy nitrogen requirements. Using real-time 13 C NMR spectroscopy, we used a two-stage perfusion to compare the rate of fatty acid synthesis from glutamine to the rate from glucose plus glutamine (Fig. 3D) . In the first stage, cells received complete medium containing 4 mM [3-
13 C]glutamine and 10 mM unlabeled glucose. In the second stage, the medium contained 4 mM 
Glutamine Metabolism Supports NADPH Production and Anaplerosis
in Proliferating Glioblastoma Cells. The presence of fatty acid synthesis implied the need for two supporting pathways: a source of NADPH (the electron donor for fatty acid synthesis) and an anaplerotic mechanism to replenish TCA cycle intermediates during citrate export. Because glutamine metabolism can potentially fulfill both these needs (Fig. 4A) , we analyzed data from the two-stage perfusion to determine fluxes through relevant pathways (Fig. 4 B-E and Table 2 ). During stage 1, [3-13 C]glutamate appeared rapidly and was the most abundant 13 C metabolite produced (Fig. 4 C and D) . Part of this pool was converted to [3-13 C]␣-KG and entered the TCA cycle, because soon after the appearance of [3-13 C]glutamate, aspartate was labeled in C-2 and C-3. This resulted from conversion of [2- 13 (Fig. 4D) .
During stage 1, glutaminolysis resulted in labeling of lactate in C-2 and C-3 (Fig. 4E) 9 cells per hr. This is a minimum estimate for malic enzyme f lux. The other major cellular source of NADPH is glucose-6 phosphate dehydrogenase (G6PDH) in the oxidative pentose phosphate shunt. To estimate this f lux, we analyzed extracellular medium from the experiment in Fig. 2B , in which cells were cultured with [2-13 C]glucose. The ratio of 13 C label in C-2 to C-3 of lactate was 25.1:1. Based on the stoichiometry of the oxidative pentose phosphate pathway (22) , the f lux was calculated to be 5.8 Ϯ 0.3% of the glycolytic f lux, or 12.8 mol per 10 9 cells per hour. The apparent lack of PC activity implied that anaplerosis was not supplied by glucose metabolism. As shown in Fig. 4 C and D) . However, unlike the results with [1,6-13 C 2 ]glucose alone (Fig. 1B, magnified in Fig. 5A Left) , the combination of substrates produced a large amount of doubly labeled glutamate ([3,4-13 C 2 ]glutamate, Fig. 5A Right) . We determined that [3,4-13 C 2 ]glutamate accounted for 45 Ϯ 3% of the total glutamate labeled at C-4 (Fig. 5B) . This implies that Ϸ45% of the OAA pool used for citrate synthesis was labeled at C-2.
There are two major sources for label at OAA C-2. First, [3- 13 C]glutamate can enter the TCA cycle as [3-13 C]␣-KG and label OAA at either C-2 or C-3 (Fig. 4A) . Second, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate formed after condensation of OAA with glucose-derived [2-
13 C]Ac-CoA can progress around the TCA cycle again, also labeling OAA at C-2 or C-3 ( Fig. 1 A) . However, the results indicate that the contribution of ''cycled'' glutamate was small because the majority of label was lost with each turn. Therefore the majority of [2- 13 C]OAA was formed through direct anaplerotic contribution of glutamine-derived carbon. This pathway yields equal amounts of [2- 13 C]OAA and [3-13 C]OAA, but only the former contributes to [3,4- 13 C 2 ]glutamate. Consequently, the observation that 45% of the OAA pool was labeled at C-2 suggests that 90% was labeled at either C-2 or C-3, and thus that glutamine, by its conversion to ␣-KG and then OAA, was the major source of anaplerotic flux.
After cells convert glutamine to glutamate, ␣-KG can be produced by glutamate dehydrogenase (GDH) or by transamination reactions. Both mechanisms remove the ␣-amino group from glutamate, transferring it to either ammonia (GDH) or to nonessential amino acids (transaminases). Based on the high net rate of alanine production (Table 1) , alanine aminotransferase (ALT) appeared to be the most active transaminase in these cells. We cultured cells with L-[␣-
15 N]glutamine and analyzed the medium by mass spectrometry to follow transfer of 15 N to ammonia and alanine (Fig. 5C) . As calculated by this method, the cells transferred 15 N to ammonia at a rate of 5.8 mol per 10 9 cells per hour and to alanine at a rate of 8.2 mol per 10 9 cells per hour. Thus, approximately half of the resulting amino groups were secreted from the cell as either alanine or ammonia.
Discussion
A combination of techniques has been used to study the metabolism of proliferating glioblastoma cells. Although the cells have a pronounced Warburg effect, the TCA cycle is intact. As a result of condensation of glucose-derived acetyl-CoA and glutamine-derived OAA, the cells synthesized fatty acids and lipids primarily with carbon from glucose. The cells converted Ϸ60% of the glutamine metabolized to lactate. This implied a malic enzyme flux high enough to supply the NADPH needed for fatty acid synthesis. A large fraction of nitrogen generated during glutamine metabolism was also released from the cell.
Like many cancer cell lines, these cells exhibited a high rate of glucose consumption and anaerobic metabolism of pyruvate. By summing the production of lactate and alanine, we accounted for Ͼ90% of total glucose metabolism. Therefore, all remaining glucose-dependent activities (glycosylation, fatty acid synthesis, glycerogenesis, nucleotide biosynthesis, pyruvate oxidation, etc.) accounted for Ͻ10% of total glucose utilization.
The function of the TCA cycle and oxidative metabolism in tumor cells has been the subject of discussion and controversy. This stemmed in part from Warburg's claim that the root cause of cancer was a permanent impairment of oxidative metabolism (23, 24) . However, the data here reveal a complete TCA cycle allowing some [2-13 C]glutamate to be formed during culture with [1,6-13 C 2 ]glucose (Fig. 2 A) . Citrate oxidation was limited by efflux from the mitochondria to supply fatty acid synthesis. Therefore, the reduction of substrate oxidation during tumor cell proliferation can be secondary to the metabolic activities needed for biosynthesis rather than to impairments in oxidative metabolism per se. Using NMR spectroscopy of total cellular lipids, we determined that glucose is the major lipogenic precursor, a finding that clarifies the association between glucose-to-lipid carbon flux and cell proliferation in other tumor cells (21) .
The investigation of glutamine utilization illuminated several aspects of intermediary metabolism. Glutamine is similar to glucose in that proliferating cells metabolize it by using a variety of pathways that support bioenergetics and biosynthesis, and cultured tumor cells require at least 10 times as much glutamine as any other amino acid (25) (26) (27) . Like glucose, glutamine can be degraded to lactate rather than oxidized completely (7) . The data here show that lactate and alanine production accounts for 60% of total glutamine utilization. A by-product of this flux is robust NADPH production by malic enzyme. The glutaminolytic flux was at least as high as the G6PDH flux, and appeared to be higher than that needed for fatty acid synthesis. This could mean that NADPH generated during glutaminolysis also supplies other anabolic processes such as nucleotide biosynthesis.
Glutamine carbon was also used in biosynthetic pathways. First, glutamine provided a secondary source of carbon for fatty acid synthesis. Estimates using 14 C labeling showed that glutamine accounted for some 25% of total fatty acyl carbon (data not shown). Second, entry of glutamine carbon into the TCA cycle resulted in rapid labeling of aspartate, a required precursor for synthesis of nucleotides, asparagine, and arginine.
Another major role for glutamine metabolism was to provide an anaplerotic source of OAA. This activity is required to maintain the TCA cycle under conditions when cells use citrate as a biosynthetic precursor. Anaplerosis is a more specific indicator of growth than glycolysis, because the latter is also stimulated by hypoxia and other stresses independently of biosynthetic activity. It was surprising that such a high fraction of the anaplerotic flux was derived from glutamine. Together, the data imply that at citrate synthase, the majority of acetyl-CoA is derived from glucose, whereas the majority of OAA is derived from glutamine. Because glucose and glutamine are rapidly consumed during proliferation of most cell types, the results may reflect a general phenomenon during rapid cell growth.
To serve as an anaplerotic precursor, the glutamate derived from glutamine must be converted to ␣-KG. Several enzymes can carry out this reaction, including GDH and various transaminases. In these cells, the summed activities of GDH and ALT accounted for more than half of the glutamine metabolized, and therefore these two enzymes supplied the majority of glutamine-derived ␣-KG. As a consequence of GDH and ALT activity, most of the ␣-nitrogen from glutamine degradation was secreted from the cells as ammonia and alanine. This was surprising, considering the expectation that this nitrogen would largely be used to maintain intracellular amino acid pools. The findings suggest that secretion of amino groups from glutamate is a required consequence of the use of glutamine as an anaplerotic precursor and to generate NADPH. 15 N]-glutamine, 10% dialyzed FBS (Gemini) was used to minimize contribution of unlabeled nutrients. For perfusion inside the NMR spectrometer, cells were grown in porous microcarriers as described (13, 14) . Details are in SI Materials and Methods. Oxygen utilization rates were determined by using polarographic probes.
Materials and Methods
NMR Data Analysis. Spectra on perfused cultures were acquired with a 400 MHz Varian system (14) . The 9.4 T magnet had an 89-mm vertical bore and a 72-mm i.d. room-temperature shim set. Details on spectroscopy are in SI Materials and Methods. Spectra were analyzed by using NUTS 1D software (Acorn NMR). The 31 P spectra were used to determine NTP levels to estimate total cellular volume (28) . Cell volume was measured with a Coulter Z2 particle analyzer to convert total cellular volume into cell number. For each experiment, an average area was determined from 5-10 spectra for the Hepes resonance at 59 ppm. This was used to convert areas for 13 C nuclei into metabolite concentration, as described (13) . Rates and standard errors were calculated by using Microsoft Excel. For the perchloric acid extract experiment, cells were cultured in medium containing 10 mM D- [2- 13 C]glucose for 6 h and then extracted with 10% perchloric acid. Soluble metabolites were analyzed by 13 C NMR spectroscopy. Details are in SI Materials and Methods.
Lipid Biochemistry. To determine the rate of lipid synthesis from glucose, 3 ϫ 10 6 SF188 cells were plated into T25 flasks and cultured with DMEM supplemented with 1.5 M D-[U- 14 C 6 ]-glucose per liter (0.2 mCi/ml, Sigma). After 8 h, cells were trypsinized, washed in PBS and lysed in 0.4 ml of 0.5% Triton X-100. Lipids were extracted and analyzed with a scintillation counter. To characterize lipid species, extracted lipids were analyzed by thin-layer chromatography (29) . To obtain 13 C-labeled lipids, 2.5 ϫ 10 6 SF188 cells were cultured with DMEM containing 10 mM D-[U- 13 C 6 ]-labeled glucose. The cells were expanded until total number was 24 ϫ 10 6 , then were trypsinized and washed in PBS. Lipids were extracted and analyzed by NMR using a Bruker Advance 400 wide-bore 9.4T instrument equipped with a 5-mm 1 H/ 13 C dual probe. Details are in SI Materials and Methods.
Gas Chromatography-Mass Spectrometry. Cells were plated at 1.2 ϫ 10 6 per 6-cm dish. At 80% confluency, they were fed with 1.5 ml of DMEM containing 4 mM L-[␣-15 N]glutamine (Cambridge Isotope Laboratories). Every 2 hours, medium was collected to determine the concentration of NH 3 (ammonia assay kit, Sigma) and alanine (HPLC). An aliquot was used to determine isotopic enrichment in NH 3 and alanine with published methods (30) . Details are in SI Materials and Methods.
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